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157] ABSTRACT

A low temperature rectification process and apparatus
in which a compressed gaseous mixture, for instance,
air, is rectified to produce a lower volatility component
in liquid form which is then pumped to a delivery pres-
sure. After having been pumped, the lower volatility
component is vaporized within a main heat exchanger.
In order to effect the vaporization, a stream of the com-
pressed gaseous mixture being cooled in the main heat
exchanger is further compressed to form a further com-
pressed stream. In order to minimize thermodynamic
irreversibility within the main heat exchanger above a
theoretical pinch point temperature thereof a portion of
the further compressed stream is removed from the
main heat exchanger at or near the theoretical pinch
point temperature and then is still further compressed

and introduced at a level of the main heat exchanger
warmer temperature than the theoretical pinch point

temperature. Either the balance of the further com-
pressed stream or some other stream of the compressed
gaseous mixture being cooled is removed from the main
heat exchanger and is then cooled to a temperature
sultable for its rectification without further use of the
main heat exchanger. Such removal reduces thermody-
namic irreversibility within the main heat exchanger
below the theoretical pinch point temperature.

6 Claims, 3 Drawing Sheets
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CRYOGENIC RECTIFICATION PROCESS AND
APPARATUS FOR VAPORIZING A PUMPED
-LIQUID PRODUCT

BACKGROUND OF THE INVENTION

The present invention relates to a cryogenic rectifica-
tion process and apparatus for separating high and low
volatility components of a gaseous mixture wherein the
mixture is initially compressed and then cooled to a
temperature suitable for its rectification. More particu-
larly, the present invention relates to such a process and
apparatus 1 which the low volatility component is
pumped to a delivery pressure and then is vaporized
within a main heat exchanger used in cooling the mix-
ture. Even more particularly, the present invention
relates to such a process and apparatus in which ther-
modynamic irreversibilities within the main heat ex-
changer are minimized.

Components of gaseous mixtures having different
volatilities are separated from one another by a variety
of well-known cryogenic rectification processes. Such
processes utilize a main heat exchanger to cool the
gaseous mixture to a temperature suitable for rectifica-
tion alter the gaseous mixture has been compressed. The
rectification is carried out in distillation columns incor-
porating trays or packing (structured or random) to
bring liquid and gaseous phases of the mixture into

intimate contact and thereby separate the components
of the mixture in accordance with their volatilities. In

order to avoid the use of a product compressor to pro-
duce the lower volatility component at a delivery pres-
sure, the distillation is carried out such that the lower
volatility component is produced in liquid form. The
lower volatility component in the liquid form is then
pumped to the delivery pressure and vaporized within
the main heat exchanger.

An important cryogenic rectification process con-
cerns the separation of air. Air contains a lower volatil-
ity component, oxygen, and a higher volatility compo-
nent, nitrogen. In the production of pressurized oxygen
gas, a liquid oxygen product of the cryogenic rectifica-
tion of air is pumped 10 a delivery pressure and heated
by incoming air in a heat exchanger from which it
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emerges as a pressurized gas. Typically, at least part of 45

the air feed must be pressurized to a much higher pres-

sure than the oxygen in order to provide the appropri-

ate temperature difierence in the heat exchange. For
instance, when an oxygen product, which amounts to
19-22% of the incoming air by volume percent is
pumped to 42.8 bar(a), about 35-40% of the incoming
atr is compressed to about 74.5 bar(a). This requirement
is a result of the non-conformity in the temperature and
the heat transferred between the feed air and the prod-
uct streams in some parts of the main heat exchanger,
which affects the warning up of the products and the
cooling down of the air. Concurrently, wide tempera-
ture differences exist between the air and the product
streams 1n part of the heat exchanger. This is known as
thermodynamic irreversibility and increases the energy
requirement of the process.

As will be discussed, the present invention provides a
process and apparatus for the separation of air in which
thermodynamic irreversibilities in the main heat ex-
changer are minimized. Additionally, the present inven-
tion also relates to a method of vaporizing a pumped
low volatility product within a main heat exchanger, for
instance, components of air, petrochemicals and etc.
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such that thermodynamic irreversibilities within the
main heat exchanger are minimized.

SUMMARY OF THE INVENTION

In one aspect, the present invention relates to a pro-
cess for separating air and thereby producing a gaseous
oxygen product at a delivery pressure. In accordance
with this process the air is compressed, heat of compres-
sion 1s removed from the air and the air is subsequently
purified. The air is then cooled in a main heat ex-
changer. Prior to the cooling of the air, at least a portion
of the air to be cooled is further compressed to form a
further compressed air stream. The heat of compression
1s removed from the further compressed air stream. At
least part of the further compressed air stream is re-
moved from the main heat exchanger at a location of
the main heat exchanger at which the further com-
pressed air stream has a temperature in the vicinity of a
theoretical pinch point temperature and the at least a
portion of the at least part of the further compressed air
stream removed from the main heat exchanger is still
further compressed to form a first subsidiary air stream.
This subsidiary, air stream is introduced back into the
main heat exchanger at a level thereof having a warmer
temperature than the theoretical pinch point tempera-
ture. After reintroduction into the main heat exchanger,
the first subsidiary air stream is fully cooled to a temper-
ature suitable for its rectification.

A part of the air to be cooled is removed from the
main heat exchanger to form a second subsidiary air
stream. The second subsidiary air stream is cooled to
the temperature suitable for its rectification without the
use of the main heat exchanger. The second subsidiary
air stream is cooled by expanding the second subsidiary
air stream with the performance of expansion work
such that the second subsidiary air stream has the tem-
perature suitable for the rectification of the air con-
tained therein. At least part of the work of expansion is
applied to the further compression of the at least portion
of the at Jeast part of the further compressed air stream
removed from the heat exchanger.

The air within the first and second subsidiary air
streams 1S rectified within an air separation unit config-
ured such that liquid oxygen is produced. Refrigeration
1s supplied to the process to maintain energy balance of
the process. A liquid oxygen stream, composed essen-
tially of oxygen, is removed from the air separation unit
and 1s pumped to the delivery pressure. The liquid oxy-
gen stream is vaporized in the main heat exchanger such
that it is fully warmed to ambient temperature and the
liquid oxygen stream is extracted from the main heat
exchanger as a gaseous oxygen product.

As 1s known 1n the art, the pinch point temperature
represents a temperature within the main heat ex-
changer where there exists 2 minimum difference in
temperature between all the streams to be cooled in the
main heat exchanger versus all the streams to be
warmed in the main heat exchanger. Above and below
this pinch point temperature, temperature differences
and enthalpies diverge to evidence the thermodynamic
irreversibility present within the main heat exchanger.
This thermodynamic irreversibility represents lost work
and therefore part of the energy requirements of the
plant that are necessary in vaporizing the product oxy-
gen stream. The term “theoretical pinch point tempera-
ture” as used herein and in the claims means the pinch
point temperature determined for the collective cold
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stream 1n the main heat exchanger by for instance, simu-
lation, that would exist if the first and second subsidiary

air streams were never formed. In such case, the main

heat exchanger would be operating as a prior art heat

exchanger in which all of the further compressed air
stream were fully cooled within the main heat ex-
changer. In the prior art case of the main heat ex-
changer, if the heating and cooling curves were plotted

5

as temperature versus enthalpy, the pinch point temper- -

ature and divergence of these curves would be readily
apparent. As will be further discussed, when the cooling
and heating curves of a main heat exchanger operated in
accordance with the present invention are compared
with the prior art case, it can be seen that there is less
divergence between the curves and therefore less lost
work involved in vaporizing the pumped liquid oxygen
stream. More specifically, it can be seen that the first
subsidiary air stream is lowering thermodynamic irre-
versibility between the theoretical pinch point tempera-
ture and the temperature at which the first subsidiary air
stream 1s reintroduced into the main heat exchanger and
that the withdrawal of the second subsidiary air stream
and cooling it without the use of the main heat ex-
changer is lowering thermodynamic irreversibility
below the theoretical pinch point temperature.

It should also be noted that the term “main heat ex-
changer” as used herein and in the claims does not
necessarily mean a single, plate fin heat exchanger. A
“main heat exchanger,” as would be known to those
skilled in the art, could be made up of several units
working in parallel to cool and warm streams. The use
of high and low pressure heat exchangers is conven-
tional in the art. Collectively the units making up the
“main heat exchanger” would have a theoretical pinch
point temperature. A further point is that the terms
“fully cooled” and ““fully warmed” as used herein and in
the claims mean cooled to rectification temperature and
warmed to ambient, respectively. The term “partially”
in the context of “partially warmed” or “partially
cooled”, as used herein and in the claims means warmed
or cooled to a temperature between fully warmed and
cooled. Lastly, the term ““vicinity” as used herein and in
the claims with reference to a theoretical pinch point

temperature means a temperature within a range of

between plus or minus 50° C. from the theoretical pinch
point temperature.
As mentioned above, the process in accordance with

the present invention is not limited to the separation of
air and could be used ha the cryogenic rectification of

other industrial products. As such, the present invention
In another aspect provides a process for vaporizing a
lower volatility product pumped to a delivery pressure
after having been separated from a higher volatility
product of a compressed gaseous mixture by a cryo-
genic rectification process utilizing a main heat ex-
changer. The main heat exchanger is configured to cool
the compressed gaseous mixture to a temperature suit-
able for its rectification. In accordance with this pro-
cess, prior to the cooling of the compressed gaseous
mixture, at least a portion of the compressed gaseous
mixture to be cooled is further compressed to form a
further compressed stream. The heat of compression is
removed from the further compressed stream. At least a
portion of the further compressed stream is removed
from the main heat exchanger at a location of the main
heat exchanger at which said further compressed stream
has a temperature in the vicinity of a theoretical pinch
point temperature. At least part of the at least a portion
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of the further compressed stream is still further com-
pressed to form a first subsidiary, stream. The first sub-
sidiary stream is introduced back into the main heat
exchanger at a level thereof having a warmer tempera-

ture than the theoretical pinch point temperature. After
reintroduction into the main heat exchanger, the first

subsidiary stream is fully cooled to a temperature suit-
able for its rectification. Part of the compressed gaseous
mixture to be cooled is removed from the main heat
exchanger to form a second subsidiary stream. The
second subsidiary stream is then cooled to a tempera-
ture suitable for its rectification without further use of
the main heat exchanger. The second subsidiary stream
1s cooled by expanding the second subsidiary stream
with the performance of expansion work such that its
temperature after expansion is at the temperature suit-
able for its rectification. At least part of the work of
expansion 1s applied to the further compression of the at
least a portion of the at least part of the further com--
pressed stream. The lower volatility product is vapor-
1zed within the main heat exchanger.

In a still further aspect, the present invention pro-
vides an apparatus for producing an oxygen product at
a delivery pressure from air. The apparatus comprises a
main compressor for compressing the air. A first after-
cooler is connected to the compressor for removing
heat of compression from the air and an air purification
means 1s connected to the first after-cooler for purifying
the air. A high pressure air compressor is connected to
the air purification means for further compressing at
least a portion of the air to form a further compressed
air stream. A second after-cooler is connected to the
high pressure air compressor for removing the heat of
compression from the compressed air stream. A main
heat exchanger is provided. The main heat exchanger
has first and second passageways. The first passageway
includes first and second sections and the first section
thereof is in communication with the second after-
cooler such that the compressed air stream flows into
the first section of the first passageway. A means is
provided for discharging first and second subsidiary air
streams composed of the compressed air stream from
the first section of the passageway so that at least the
first subsidiary stream upon discharge has a temperature
in the vicinity of a theoretical pinch point temperature.
An 1nlet is provided at a location of the main heat ex-
changer having a warmer temperature than the theoret-
ical pinch point temperature for receiving the first sub-
sidiary air stream after the compression thereof. The
second section of the first passageway is in communica-
tion with the inlet and position such that the first subsid-
1ary air stream is fully cooled within the main heat ex-
changer. A heat pump compressor is connected be-
tween the discharge means of the main heat exchanger
and the inlet thereof for compressing the first subsidiary
air stream and an expansion means is provided for ex-
panding the second subsidiary air stream with the per-
formance of expansion work. The expansion means is
coupled to the heat pump compressor such that at least
part of the expansion work drives the heat pump com-
pressor. An air rectification means is connected to the
expansion means and the second section of the first
passageway of the main heat exchanger for rectifying
the air and thereby producing liquid oxygen. A pump is
connected to the air rectification means for pumping the
liquid oxygen to the delivery pressure and thereby
forming a pumped liquid oxygen stream. The pump is
connected to the second passageway of the main heat
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exchanger such that the pumped liquid oxygen stream
flows in a countercurrent direction to the compressed
air stream within the first passageway and is thereby
vaporized to produce the gaseous oxygen product. A
refrigeration means is provided for supplying refrigera-

tion to the apparatus such-that energy balance thereof is
maintained.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims dis-
tinctly pointing out the subject matter that applicant
regards as his invention, it is believed that the invention
will be better understood when taken in conjunction
with the accompanying drawings in which:

FIG. 1 is a schematic of an air separation plant in
accordance with the process and apparatus of the pres-
ent mvention;

FIG. 2 1s a graph of temperature versus enthalpy of a
heat exchanger of the prior art; and

S

10

15

FIG. 3 is a graphs of temperature versus enthalpy of 20

a heat exchanger constructed and operated in accor-
dance with the present invention.

DETAILED DESCRIPTION

With reference to the figure, an air separation plant

10 carrying out a method in accordance with the pres-
ent invention is illustrated.

The air to be rectified is compressed in a main com-
pressor 12 to form a compressed air stream 13. The heat
of compression 1s removed from compressed air stream
13 by a first after-cooler 14, typically water-cooled, and
compressed air stream 13 is then purified by an air pre-
purification unit 16 in which carbon dioxide, moisture
and hydrocarbons are removed from the air. A high
pressure compressor 18 is connected to the air pre-
purification unit 16 to form a further compressed air
stream 20. After passage through a second after-cooler
22 (to remove heat of compression from the further
compressed air stream) further compressed air stream
20 is introduced into a.main heat exchanger 24. Main
heat exchanger 24 has a first passageway 26 in commu-
nication with second after-cooler 22 such that the fur-
ther compressed air stream 20 flows into first passage-
way 26 having first and second sections 26z and 265.
Second passageway 28 is provided for vaporizing a
pumped liquid oxygen stream that will be discussed
herenafter. First section 26a of first passageway 26 is
provided with outlets for discharging first and second
subsidiary air streams 30 and 32 from main heat ex-

changer 24. First subsidiary air stream 30 is still further

compressed within a heat pump compressor 34. A still
further compressed stream 36 is introduced into main
heat exchanger 24 and second section 26b of first pas-
sageway 26 by a means of an inlet positioned at a level
of heat exchanger 24 warmer than the theoretical pinch
point temperature. At the same time, second subsidiary,
air stream 32 is introduced into a turboexpander 38 that
turboexpands second subsidiary air stream 32 suffi-
clently that it is cooled to a temperature suitable for its
rectification without further use of main heat exchanger
24. Turboexpander 38 is coupled to heat pump compres-
sor 34 erther mechanically or electro-mechanically by
means of a generator coupled to turboexpander 38 and
utilized to generate electricity to drive an electric motor
coupled to heat pump compressor 34. It is understood
that excess energy, above that required to drive heat
pump compressor 34, my be produced by turboex-
pander 38. In such case the excess energy could be
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applied elsewhere in the plant. For instance, excess
electricity generated by the generator coupled to turbo-
expander 38 could be used for other electrical needs in
the plant

It 1s removal of the first and second subsidiary air
streams and their utilization as described above within
compressor 34 and turboexpander 38 coupled to one
another, that the thermal irreversibilities of main heat
exchanger 24 above and below the theoretical pinch
point temperature are minimized. A more detailed dis-
cussion of this will be set forth hereinafter.

Although an air separation plant or any other cryo-
genic rectification process can operate as thus far de-
scribed, preferably not all of the air is compressed
within high pressure air compressor 18 but rather, after
air pre-purification unit 16, compressed air stream 13 is
divided into first and second partial streams 40 and 42.
First partial stream 40 is subjected to further compres-
sion within high pressure air compressor 18. Second
partial stream 42 is divided into third and fourth subsid-
lary air streams 44 and 46. Third subsidiary air stream 44
1s fully cooled within main heat exchanger 24 within a
third passageway 48 provided for such purpose. Fourth
subsidiary air stream 46 is further compressed within a
refrigeration booster compressor 50 and the heat of
compression is removed by way of an after-cooler 52.
With heat of compression removed, fourth subsidiary
air stream 46 is partially cooled within main heat ex-
changer 48 by provision of a fourth passageway 54
provided for such purpose. Fourth subsidiary air stream
46 is then withdrawn from main heat exchanger 24 and
is passed through a refrigeration turboexpander 56 cou-
pled to refrigeration booster compressor 50. The ex-
haust of refrigeration turboexpander 56 is then returned
to main heat exchanger 24 through a fifth passageway
58. Main heat exchanger 24 is also provided with a sixth
passageway 60 for fully warming a waste nitrogen
stream (that will be discussed in more detail hereinafter)
to ambient temperature and for use in regenerating
pre-purification unit 16.

With reference to FIG. 2, the temperature and en-
thalpy characteristics of a prior art heat exchanger are
plotted. The heat exchanger used in deriving such plot
1s similar to the heat exchanger described above except
that all of the further compressed stream is fully cooled
to rectification temperature within the main heat ex-
changer and none of it is removed to form first and
second subsidiary air streams 30 and 32. Curve A is the
sum of all of the streams to be cooled in the main heat
exchanger; for instance, all the air streams. Curve B
represents the sum of the enthalpy and temperatures at
discrete points within the main heat exchanger of the
streams to be warmed; for instance, the pressurized
oxygen and waste nitrogen streams. In order for there
to be heat transfer between the hot and cold streams,
there must be a temperature difference between the
streams at any point in the main heat exchanger. The
streams undergoing cooling must have a higher temper-
ature than the streams being warmed. A point is reached
though, where there is a minimum temperature differ-
ence, namely a pinch point temperature C. The distance
between the curves, for instance distance D above the
pinch point temperature and distance E below the pinch
point temperature are indicative of the thermodynamic
irreversibilities inherent within such a main heat ex-
changer. This thermodynamic irreversibility represents
lost work, which translates into extra work of compres-
sion.
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With reference to FIG. 3, the temperature-enthalpy
characteristics of main heat exchanger 24 are plotted. It
1s to be noted that the pinch point temperature of the
heat exchanger of FIG. 2 is the theoretical pinch point
temperature of heat exchanger 24 for reasons discussed
above. It is immediately apparent that the curves coin-
cide more closely than in FIG. 2. It is to be noted that

the pinch point temperature differences are the same
(1.6° C.) in both cases. Curve A’ is the composite of all
the streams to be cooled, for instance, further com-

pressed air stream 20 passing through passageway 26,
third subsidiary air stream 44 passing through passage-
way 48. Curve B’ is the sum of the temperature enthalpy
characteristics at any point within the main heat ex-
‘changer of all the streams to be warmed, namely oxygen

stream 94 passing through passage 28 and the waste -

nitrogen stream 92 passing though passageway 60. In
main heat exchanger 24 (at the same points considered
for the main heat exchanger of FIG. 2) the temperature
difference at point D', warmer than the theoretical
pinch point temperature C', and the temperature differ-
ence at level E’, at a temperature colder than the theo-
retical pinch point temperature C', it can be seen that
the temperature differences within main heat exchanger
24 are much less than a prior an heat exchanger used in
delivering a pressurized oxygen product. As a result,
less energy 1s supplied to high pressure compressor 18
than an equivalent compressor of the prior art to ac-
complish the same rate of vaporization of the pumped
oxygen stream to be extracted from main heat ex-
changer 24 as a product. Maintaining close temperature
differences is more important as the temperature of heat
transfer decreases.

Returning to an explanation of the attached cycle,
alter the air streams are cooled, they are rectified in an
air separation unit 62 which is provided with a high
pressure column 64 and low pressure column 66 opera-
tively associated in a heat transfer relationship with one
another by a condenser-reboiler 68. Incoming air is
cooled to a temperature suitable for its rectification,
namely at or near its dew point, and is introduced into
the high column so that an oxygen-rich liquid forms as
a column bottom and a nitrogen-rich tower overhead
forms which is condensed by condenser-reboiler 68 to
provide reflux for both the high and low pressure col-
umns, against the vaporization of liquid oxygen collect-
ing in the column bottom in low pressure column 66.
Low pressure column 66 produces a nitrogen vapor
tower overhead.

First subsidiary air stream 36 after having been fully
cooled 1s introduced into a heat exchanger 70 located
within the bottom of high pressure column 64 where it
1s further cooled. First subsidiary air stream 36 is then
reduced in pressure to that of high pressure column 64
by provision of a Joule-Thompson valve 72 and is there-
after introduced into high pressure column to 64 for
rectification. Heat exchanger 70 cools the air against
vaporizing an oxygen-rich liquid column bottom that
collects in high pressure column 64 to provide addi-
tional boil-up for high pressure column 64.

Second subsidiary air stream 32 after having been
expanded by expander 38 is combined with fully cooled
third subsidiary air stream 44 and is introduced into the
bottom of high pressure column 64 for rectification.
Fourth subsidiary air stream 46 alter having been fully
cooled within fifth passageway 58 of main heat ex-

changer 24 is introduced into low pressure column 66
for rectification. -
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Alr separation unit 62 operates in the manner of a
conventional double column. High pressure column 64
i1s provided with contacting elements, for instance,
structured packing, trays, random packing and etc.
designated by reference numeral 74. Low pressure col-
umn 66 i1s provided with such contacting elements,
designated for the low pressure column 66 by reference
numeral 76. Within each column, an ascending vapor

- phase becomes richer in the more volatile component,

nitrogen, as it ascends within the column. A liquid
phase, as it descends with the column, becomes more
concentrated in the less volatile component, oxygen.
Contacting elements 74 and 76 bring these two phases
into intimate contact in order to effect the distillation.

The oxygen-enriched column bottoms of high pres-
sure column 78 i1s withdrawn as a crude oxygen stream
78. Crude oxygen stream 78 is subcooled within sub-
cooler 80 and is reduced in pressure by provision of a
Joule-Thompson valve 82 to low pressure column pres-
sure of low pressure column 66 prior to its introduction
into low pressure column 66. The condensed nitrogen-
rich tower overhead of high pressure column 64 is di-
vided into two streams 84 and 86 which are used to
reflux high pressure column 64 and low pressure col-
umn 66, respectively. Stream 86 is also subcooled in
subcooler 80, reduced in pressure to that of low pres-
sure column 66 by a Joule-Thompson valve 87 and
introduced into the top of low pressure column 66. A
reflux stream 88 having a composition near that of lig-
uid air is withdrawn from high pressure column 64 and
passed through subcooler 80. This reflux stream is then
passed through a Joule-Thompson valve 90 to reduce its
pressure prior to its introduction into low pressure col-
umn 66. This reflux stream 88 serves the purpose of
optimizing the reflux conditions within high and low
pressure columns 64 and 66. Waste nitrogen composed
of the nitrogen vapor tower overhead produced within
low pressure column 66 is removed as a waste nitrogen
stream 92. Waste nitrogen stream 92 is partially warmed
within subcooler 80 and is then introduced into sixth
passageway 60. It then can be expelled from the plant
but, as 1llustrated, is supplied to purification unit 16 for
regeneration purposes.

The oxygen product is provided by removing a liquid
oxygen stream 94 from low pressure column 66 and
pumping it by a pump 96 to the delivery pressure. Pump
96 1s connected to second passageway 28 where oxygen
within such pumped liquid oxygen stream vaporizes to
produce the pressurized gaseous oxygen product.

EXAMPLE

In the following calculated example, 1067.7 Nm3/min
of oxygen product (about 95% purity) is produced at a

‘pressure of approximately 42.6 bar(a). The details of
- operation of high and low pressure columns are conven-

tional and as such are not set forth herein. It is to be
noted though, that pumped oxygen stream 94 enters
main heat exchanger 24 at a pressure of about 42.8
bar(a) and a temperature of about —177.8° C. after
having been pumped from a pressure of 1.43 bar and a
temperature of about —180.1 ° C. Waste nitrogen
stream 92 at a flow rate of about 3772.5 Nm3/min enters
main heat exchanger at a temperature of —175.6° C.

Flow Temp  Pressure
Stream (Nm3/min) (°C.) (bara)
Compressed air stream 13 after 4840.3 29.4 5.52
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-continued
—————
Flow Temp  Pressure
Stream (Nm3/min) (°C.) (bara)
air pre-purification unit 16
Further compressed air stream 20 1905.9 29.4 4483
after second after-cooler 22
First subsidiary air stream before 1380.1 -123.3 446
heat pump compressor 34
Still further compressed stream 1380.1 —96.6 74.6
36 after introduction into main
heat exchanger 24 and just prior
to entering second section 26b of
first passageway 26
Still further compressed stream 1380.1 ° —173.3 74.5
36 after full cooling in main heat
exchanger 24
Second subsidiary stream 32 prior 525.8 —94.3 448
to expander 38
Second subsidiary stream 32 after 525.8 -172.8 5.38
expansion in expander 38
Third subsidiary air stream 44 2540.1 —173.3 5.45
after cooling within main heat
exchanger 24
Fourth subsidiary air stream 46 394.3 29.4 8.78
after refrigeration booster
compressor 350 and after-cooler
52
Fourth subsidiary air stream 46 394.3 —95.6 8.64
after partial cooling within main
heat exchanger 24
Fourth subsidiary air stream 46 394.3 —156.7 1.50
after refrigeration turboexpander
56
Fourth subsidiary air stream 46 394.3 —173.3 1.45

after passage through main heat
exchanger 24

In order to effect the same oxygen production by prior
art method and apparatus, it has been calculated that a
compressed air stream functioning as further com-
pressed air stream 20 to vaporize the liquid oxygen
would have to be compressed to a pressure of about
74.48 bar(a) and a flow of 1761.3 Nm3/min.

Although the process and apparatus of the present
invention has been illustrated with respect to a double
column air separation column, it is understood that
proper cases path single column oxygen generators are
possible. Additionally, as mentioned above, the present
invention could be used with any low temperature recti-
fication process in which a pumped liquid product is
vaporized in main heat exchanger.

Furthermore, although first and second subsidiary
streams 30 and 32 are removed from separate points in
main heat exchanger 24, it is possible, in a proper case,
to remove them from the same temperature level. More-
over, although second subsidiary stream 32 is formed
from part of further compressed air stream 20, it could
also be formed from another air stream being cooled
within main heat exchanger 24 or in case of an applica-
tion other than air separation, some other process
stream containing the gaseous mixture and being cooled
within the main heat exchanger.

As will further be understood by those skilled in the
art, although the invention has been described with
reference to a preferred embodiment, as will occur to
those skilled in the art numerous changes and omissions
can be made without departing from the spirit and
scope of the present invention.

I claim:

1. A process for separating air and thereby producing

a gaseous oxygen product at a delivery pressure, said
process comprising:
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compressing the air, removing heat of compression
from the air, and purifying the air:

cooling the air in a main heat exchanger;

prior to the cooling of the air, further compressing at
least a portion of the air to be cooled to form a
further compressed air stream and removing heat
of compression from the further compressed air
stream;

removing at least part of the further compressed air
stream from the main heat exchanger at a location
of the main heat exchanger at which said further
compressed stream has a temperature in the vicin-
ity of a theoretical pinch point temperature deter-
mined for the main heat exchanger, still further
compressing at least a portion of said at least part of
the further compressed air stream removed from
the main heat exchanger to form a first subsidiary
alr stream, and introducing said first subsidiary air
stream back into the main heat exchanger at a level
thereof having a warmer temperature than said
theoretical pinch point temperature;

after reintroduction into the main heat exchanger,
fully cooling said first subsidiary air stream to a
temperature suitable for its rectification;

removing part of the air to be cooled from the main
heat exchanger to form a second subsidiary air
stream and cooling said subsidiary air stream to a
temperature suitable for its rectification without
the use of the main heat exchanger;

the second subsidiary air stream being cooled by
expanding said second subsidiary air stream with
the performance of expansion work:

applying at least part of the work of expansion to the
further compression of said at least portion of the at
least part of the further compressed air stream
removed from the main heat exchanger:;

rectifying the air in the first and second subsidiary air
streams within an air separation unit configured
such that liquid oxygen is produced:;

supplying refrigeration to the process to maintain
energy balance of the process: and

removing a liquid oxygen stream from the air separa-
tion unit composed essentially of the liquid oxygen,
pumping the liquid oxygen stream to the delivery
pressure, vaporizing said liquid oxygen stream in
the main heat exchanger such that it is fully
warmed to ambient temperature, and extracting
said liquid oxygen stream from the main heat ex-
changer as the gaseous oxygen product.

2. The process of claim 1, wherein:

all of further compressed air stream is removed from
said main heat exchanger:;

said part of the air to be cooled that is removed from
the main heat exchanger and is subsequently ex-
panded comprises part of the further compressed
air stream removed from the main heat exchanger;
and

said at least a portion of the at least part of the further
compressed air stream removed from the main heat
exchanger subjected to still further compression
comprises a remaining part of the further com-
pressed air stream removed from the main heat
exchanger.

3. The process of claim 1, wherein:

the air separation unit comprises a double column
having high and low pressure columns connected
to one another in a heat transfer relationship such
that the a liquid oxygen column bottom and a nitro-
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gen vapor tower overhead are produced in the low
pressure column, an oxygen enriched liquid col-
umn bottom and a nitrogen rich vapor tower over-
head are produced in the high pressure column,

12

gaseous mixture by a cryogenic rectification process
utilizing a main heat exchanger configured to cool the
compressed gaseous mixture to a temperature suitable
for 1ts rectification, said process comprising:

and the liquid oxygen column bottom vaporizes 5  prior to the cooling of the compressed gaseous mix-
against condensing the nitrogen rich vapor tower ture, further compressing at least a portion of the
overhead to produce a nitrogen rich liquid tower compressed gaseous mixture to be cooled to form a
overhead in the high pressure column; further compressed stream and removing heat of
a crude liquid oxygen stream and a nitrogen rich compression from the further compressed stream:;
liquid stream composed of the oxygen rich liquid 10  removing at least a portion of the further compressed
column bottom and the nitrogen rich liquid tower stream from the main heat exchanger at a location
overhead, respectively, are withdrawn from the of the main heat exchanger at which the further
high pressure column, subcooled, and reduced in - compressed stream has a temperature in the vicin-
pressure to low pressure column pressure; ity of a theoretical pinch point temperature, still
the crude liquid oxygen stream is introduced into the 15 further compressing at least part of the at least a
low pressure column for further refinement and the portion of the further compressed stream removed
nitrogen rich liquid stream is introduced into the from the main heat exchanger to form a first subsid-
low pressure column as reflux: 1ary stream, and introducing said first subsidiary air
the hiquid oxygen stream is withdrawn from the low stream back into the main heat exchanger at a level
pressure column; and 20 thereof having a warmer temperature than the
a nitrogen vapor stream composed of the nitrogen theoretical pinch point temperature;
vapor tower overhead is removed from the low after reintroduction into the main heat exchanger,
pressure column, 1s partially warmed through heat fully cooling said first subsidiary stream to a tem-
exchange with the crude liquid oxygen stream and perature suitable for its rectification:
the nitrogen rich liquid stream to thereby subcool 25 removing part of the compresses gaseous mixture to
the crude liquid oxygen and nitrogen rich liquid be cooled from the main heat exchanger to form a
streams, and is then introduced into the main heat second subsidiary stream and cooling said second
exchanger and is fully warmed therein. subsidiary stream to the temperature suitable for its
4. The process of claim 3, wherein: rectification without the further use of the main
after the air is purified, it is divided into first and 30 heat exchanger;
second partial streams; the second subsidiary stream being cooled by expand-
the portion of the air to be cooled and further com- ing said second subsidiary stream with the perfor-
pressed comprises the first partial stream:; mance of expansion work such that its temperature
substantially all of the further compressed air stream after expansion is at the temperature suitable for its
1s removed from said main heat exchanger: 35 rectification;
said part of the air to be cooled and subsequently applying at least part of the work of expansion to the
expanded that is removed from the main heat ex- - further compression of the at least a portion of the
changer comprises part of the further compressed at Jeast part of the further compressed stream; and
air stream removed from the main heat exchanger: vaporizing the lower volatility product within the
said at least a portion of the part of the further com- 40 main heat exchanger.

pressed air stream removed from the main heat
exchanger subjected to further compression com-
prises a remaining part of the further compressed
air stream removed from the main heat exchanger

6. An apparatus for producing an oxygen product at

a delivery pressure from air, said apparatus comprising:

a main compressor for compressing the air:
a first after-cooler connected to the compressor for

the second partial stream is divided into third and 45 removing heat of compression from the air;
fourth subsidiary air streams; air pre-purification means connected to the first after-

the third subsidiary airstream is fully cooled within cooler for purifying the air;
the main heat exchanger; a high pressure air compressor connected to the air

the fourth subsidiary air stream is further compressed, pre-purification means for further compressing at
heat of compression is removed from the fourth 50 least a portion of the air to form a further com-
subsidiary stream, the fourth subsidiary stream is pressed air stream;
thereafter subjected to expansion with the perfor- a second after-cooler connected to the booster com-
mance of work and is further cooled within the pressor for removing heat of compression from the
main heat exchanger; further compressed air stream;

the first subsidiary stream is subdivided into fifth and 55 a main heat exchanger having a first passageway
sixth subsidiary air streams after having been fully including first and second sections, the first section
cooled, the second and fifth subsidiary air streams iIn communication with said second after-cooler
are introduced into the high pressure column and such that said compressed air stream flows into said
the sixth subsidiary air stream is subcooled against first section of the first passageway, a second pas-
the partial heating of the nitrogen vapor stream, is 60 sageway, means for discharging first and second
reduced in pressure to the low pressure column subsidiary air streams composed of the compressed
pressure and 1s introduced into the low pressure air stream from the first section of the first passage-
column; and | way so that at least the first-subsidiary air stream

the fourth subsidiary air stream is introduced into the upon discharge has a temperature in the vicinity of
low pressure column. 65 a theoretical pinch point temperature determined

3. A process for vaporizing a lower volatility product
pumped to a delivery pressure after having been sepa-
rated from a higher volatility product of a compressed

for the main heat exchanger, and an inlet situated at
a location of the main heat exchanger having a
warmer temperature than the theoretical pinch
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point temperature for receiving the first subsidiary
alr stream after compression thereof, the second
section of the first passageway in communication
with the inlet and positioned such that the first
subsidiary air stream fully cools;

a heat pump compressor connected between the dis-
charge means of the main heat exchanger and the
inlet thereof for compressing the first subsidiary air
stream;

expansion means for expanding the second subsidiary

air stream with the performance of expansion
work;

the expansion means coupled to the heat pump com- -

pressor such that at least part of the expansion
work drives the heat pump compressor:
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air rectification means connected to the expansion
means and the second section of the first passage-
way of the main heat exchanger for rectifying the
air and thereby producing liquid oxygen;

a pump connected to the air rectification means for
pumping the liquid oxygen and thereby forming a
pumped liquid oxygen stream:

the pump connected to the second passageway of the
main heat exchanger such that the pumped liquid
oxygen stream flows in a counter-current direction
to the compressed air stream within the first pas-
sageway and 1s thereby vaporized to produce the
gaseous oxygen product; and

refrigeration means for supplying refrigeration to the
apparatus such that energy balance thereof is main-
tained. |
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